An important component of cellular biochemistry is the concentration of proteins and nucleic acids in non-membranous compartments 1,2 . These biomolecular condensates are formed from processes that include liquid-liquid phase separation. The multivalent interactions necessary for liquid-liquid phase separation have been extensively studied in vitro 1,3 . However, the regulation of this process in vivo is poorly understood. Here we identify an in vivo regulator of liquid-liquid phase separation through a genetic screen targeting factors required for Arabidopsis RNA-binding protein FCA function. FCA contains prion-like domains that phase-separate in vitro, and exhibits behaviour in vivo that is consistent with phase separation. The mutant screen identified a functional requirement for FLL2, a coiled-coil protein, in the formation of FCA nuclear bodies. FCA reduces transcriptional read-through by promoting proximal polyadenylation at many sites in the Arabidopsis genome 3,4 . FLL2 was required to promote this proximal polyadenylation, but not the binding of FCA to target RNA. Ectopic expression of FLL2 increased the size and number of FCA nuclear bodies. Crosslinking with formaldehyde captured in vivo interactions between FLL2, FCA and the polymerase and nuclease modules of the RNA 3′-end processing machinery. These 3′ RNA-processing components colocalized with FCA in the nuclear bodies in vivo, which indicates that FCA nuclear bodies compartmentalize 3′-end processing factors to enhance polyadenylation at specific sites. Our findings show that coiled-coil proteins can promote liquid-liquid phase separation, which expands our understanding of the principles that govern the in vivo dynamics of liquid-like bodies.
. This prompted us to test whether FCA bodies have liquidlike characteristics. We first assessed the dynamicity of FCA bodies, using fluorescence recovery after photobleaching (FRAP). The spatiotemporal analysis of bleaching events showed that FCA redistributed rapidly from the unbleached area to the bleached area (Fig. 1c, d , Supplementary Video 1). Using time-lapse microscopy, we found that FCA bodies fused and relaxed into one body as soon as they intersected (Fig. 1e, Supplementary Video 2) . We thus conclude that FCA localizes to nuclear bodies with liquid-like properties, suggesting that FCA can undergo liquid-liquid phase separation in vivo.
To determine whether FCA itself is a driver for the phase separation that we observed in vivo, we produced in vitro-recombinant FCA fused with a solubility tag (maltose-binding protein (MBP)), followed by a tobacco etch virus protease (TEV) cleavage site and a GFP tag (Fig. 1f) . After TEV addition to cleave off MBP (Extended Data Fig. 2a ), substantial green puncta formed; these were enhanced by addition of the crowding agent PEG8000 (PEG) (Fig. 1g ) and low concentration of Arabidopsis total RNA (Extended Data Fig. 2b ). To dissect which domain (or domains) of GFP-FCA is responsible for puncta formation, we separately expressed the N-terminal RNA recognition motif (RRM) domain or C-terminal PrLD of FCA (Fig. 1f) . TEV cleavage of the C-terminal peptide yielded GFP-FCA-PrLD (Extended Data Fig. 2a ) that formed extensive puncta, even without the addition of PEG (Fig. 1g) . The GFP-FCA-RRM peptide did not form puncta, even with the addition of PEG (Fig. 1g, Extended Data Fig. 2a ). These data indicate that the PrLD of FCA has the capacity to undergo phase separation.
We further investigated the detailed properties of in vitro phase separation of these proteins. GFP-PrLD was found to undergo phase separation at 1 μM, and the distinct droplets were spherical (Extended Data Fig. 2c ). FRAP analysis indicated that GFP-PrLD molecules diffused rapidly within droplets, and exchanged between droplets and surrounding solution (Fig. 1h , i, Supplementary Video 3). Droplets were found to fuse upon contact (Fig. 1j, Supplementary Video 4) . These data collectively indicate that GFP-PrLD undergoes liquidliquid phase separation. However, the puncta formed by GFP-FCA in vitro did not show similar liquidity (Extended Data Fig. 2d-k) , which suggests that there are additional regulators of FCA nuclear-body formation in cells.
To define the functional importance of and requirements for FCA nuclear-body formation, we undertook a mutagenesis screen for FCA function. We used an Arabidopsis progenitor line (C2) that contains three transgenes-35S::FCAγ (isoform that encodes the functional FCA protein) for overexpressing FCA, FRIGIDA, which encodes a strong activator of FLC, and FLC fused to the luciferase open reading Letter reSeArCH frame (FLC::LUC) for monitoring the expression of FLC-to screen for the components that are required for FCA-mediated FLC repression 9, 18, 19 . This identified a new mutant that we term sof78, which has increased FLC expression and which flowered late compared to C2 wild type ( Fig. 2a-c) . The only other observed developmental defect was that flowers occasionally had five petals (Extended Data Fig. 3a ). sof78 carries a mutation in FLL2 (also known as AT1G67170) that leads to a Glu-to-Lys amino acid substitution (E201K) (Fig. 2d) . Transgenic expression of FLL2 fully rescued the phenotype of sof78 (Extended Data Fig. 3b-d ). The effect of sof78 mutation was not dependent on the 35S::FCAγ, FRIGIDA and FLC::LUC transgenes, as shown by the fact that the mutant continued to flower late even after all three transgenes were removed (Extended Data Fig. 3e, f) . We found that sof78 mutation is semi-dominant (haploinsufficient) on the basis of three criteria. First, the heterozygous mutant FLL2 sof78 has a flowering time that is intermediate between that of the wild type and the homozygous mutant (Extended Data Fig. 3g ). Second, fll2-2-a loss-of-function allele that contains an Agrobacterium transfer (T-)DNA insertion (Extended Data Fig. 3h , i)-did not change the expression of FLC (Extended Data Fig. 3j ) or affect flowering time (Extended Data Fig. 3k) . Loss of the FLL2 protein potentially leads to use of the homologues FLL1 and FLL3 (Extended Data Fig. 3l ), which associate with FLL2 in vivo (Supplementary Table 3 ). Third, the hybrid that carries sof78 and fll2-2 had higher levels of FLC::LUC expression than either wild-type or heterozygous FLL2 fll2-2 plants (Extended Data Fig. 3m) . We then performed an epistasis analysis and found that the effect of sof78 mutation was not additive with fca-1 with regard to flowering time (Fig. 2e) . The sof78 mutation did not affect the level of FCA protein (Fig. 2f) . Together, these data suggest that FLL2 is required for FCA function.
FLL2 has not been assigned any functional domain. We performed a deeper search using HHpred inside the MPI Bioinformatics Toolkit 20 and found FLL2 contains a coiled-coil segment with high probability (Extended Data Fig. 4a, b) . The E201K amino acid change is predicted to influence a salt bridge that connects two coiled-coils 21 (Extended Data Fig. 4b, c) . This Glu201 is highly conserved in all green plants (Extended Data Fig. 4d ). As with FCA, FLL2 is highly disordered and contains a PrLD (Fig. 2d) . We then examined the subcellular localization of FLL2. Stable transgenic expression of FLL2 tagged with yellow fluorescent protein (FLL2-eYFP) fully complemented the lateflowering phenotype of sof78 (Extended Data Fig. 3h , n). FLL2-eYFP was detected in nuclear bodies (Fig. 2g) , colocalizing with FCA after co-transformation of FLL2-eYFP and FCA-CFP (a construct expressing FCA fused to cyan fluorescent protein) into Arabidopsis cultured cells (Fig. 3a) . FLL1 also colocalized with FCA in nuclear bodies, whereas FLL3 was evenly distributed in the nucleus (Extended Data Fig. 5a ). Consistent with this, FLL1-but not FLL3-contains a PrLD (Extended Data Fig. 5b, c) . However, using yeast two-hybrid assays, we found that FLL1 and FLL3 interacted with FCA, whereas FLL2 did not (Extended Data Fig. 5d )-future work is therefore required to fully elaborate the roles of the FLL proteins. The lack of a yeast two-hybrid interaction with phase-separated partners has also been found for FUS 22 . We reasoned that, given the dynamic property of FCA bodies, the association between FLL2 and FCA might be transient and dynamic; indeed, after formaldehyde crosslinking their interaction could be detected (Fig. 3b) . We further interrogated the transient interactions between FLL2 and FCA in vitro. To this end, we first tested the in vitro phase separation propensity of FLL2. GFP-FLL2 resulted in few puncta and the addition of 10% PEG greatly enhanced puncta formation (Fig. 3c , 
Letter reSeArCH
Extended Data Fig. 2a ). FLL2 co-phase-separated with the PrLD of FCA (Fig. 3d) .
The association between FLL2 and FCA led us to investigate whether FLL2 regulates the formation of the FCA-GFP bodies. To test this, we introduced the sof78 mutation into FCA-eGFP transgenic plants, and compared FCA bodies between sof78-mutant and corresponding wild-type backgrounds. The sof78 mutation reduced the percentage of nuclei that contained FCA bodies (Fig. 3e , f) and their size (Extended Data Fig. 6a ), without affecting the protein level of FCA-eGFP (Fig. 3g) . Ectopically expressing wild-type FLL2 increased the size and number of FCA-CFP bodies in tobacco leaves (Fig. 3h) . These bodies were spherical and highly dynamic, and mixed very rapidly after half-bleaching (Extended Data Fig. 6b -d, Supplementary Video 5), which supports the idea that FCA-GFP bodies can behave as liquid droplets. This increase was lost through overexpression of either FLL2(E201K) or FLL2(K202E), which are mutated in amino acids that are predicted to form a salt bridge (Fig. 3h, Extended Data Fig. 6e ). The protein levels of FCA-CFP were not changed by FLL2 overexpression (Fig. 3i , Extended Data Fig. 6f ). These data indicate that the coiled-coil protein FLL2 promotes the phase separation of FCA to form nuclear bodies.
FCA promotes proximal polyadenylation of transcripts from many loci in the genome that were previously classified as unannotated segments 4 , as well as COOLAIR transcripts 9 . This process requires the RNA 3′-end processing and polyadenylation factors FY 10, 23 , CSTF64 and CSTF77
9
, and the RRM-containing protein FPA 9, 24 . The previous model was that FCA-by interacting with FY-targets 3′-end processing machinery to the proximal polyadenylation site 9 . However, efforts to prove the in vivo interaction of FCA with 3′-end processing and polyadenylation factors had so far been unsuccessful 23 . We speculated that FCA bodies are the sites at which FCA dynamically and transiently interacts with FPA and 3′-end processing factors. To test this hypothesis, we developed a technique that we term crosslinked nuclear immunoprecipitation and mass spectrometry (CLNIP-MS; see Methods) to determine the interactors of FCA upon formaldehyde crosslinking: this gave large heterogeneous FCA complexes (Extended Data Fig. 7a) We next asked whether these 3′-end processing factors localized to FCA bodies. We overexpressed FY and FPA fused with YFP in tobacco leaves, and found that both of them formed nuclear bodies (Fig. 4a ) that fully overlapped with FCA-CFP bodies (Fig. 4b) . Consistent with this, FY and FPA are similar to FCA in that they are also highly disordered and contain PrLDs 13 (Extended Data Fig. 7b, c) . Overexpression of cleavage and polyadenylation specificity factor 30 (CPSF30)-YFP and CPSF100-YFP alone did not give rise to nuclear bodies (Fig. 4a , Extended Data Fig. 7d ), but these proteins were recruited to FCA-CFP bodies when they were co-expressed with FCA (Fig. 4b, Extended Data  Fig. 8d ). These data support the notion that the bodies are indeed sites at which FCA associates with RNA 3′-end processing factors. FCA has previously been found to associate with FLC chromatin 18 . We found that immunoprecipitation of FCA enriched nascent transcripts of COOLAIR and unannotated segments (Extended Data Fig. 8a -e)-which supports a co-transcriptional mechanism-and that this was independent of FLL2 (Extended Data Fig. 8a-e) . Similar to fca, fpa and fy mutants, polyadenylation of proximal sites in COOLAIR and proximal polyadenylation in unannotated segments was defective in the sof78 mutant (Fig. 4c, d , Extended Data Fig. 8f-i) . Thus, we propose that the FCA nuclear bodies compartmentalize 3′-end processing factors and that this enhances polyadenylation at specific 3′-end processing sites (Extended Data Fig. 9 ). We envisage that there will be a wide size range of these highly dynamic FCA nuclear bodies; an important next step will be to simultaneously image target loci, FLL2 and FCA bodies. This will help to establish the size of the functionally important unit, and to determine whether the large FCA-GFP bodies that we observed using low-resolution microscopy are functional or whether they represent one extreme of the formation of biomolecular condensates.
Coiled-coils are α-helical super-secondary structures that mediate protein-protein interactions and oligomerization 28 . The yeast prion protein Sup35 contains a coiled-coil region within the middle domain 29 ; this region is involved in inducing liquid-like phase separation upon pH sensing 30 , which implies that coiled-coil domains may have a general role in phase separation. Our findings thus help to define the multivalent in vivo interactions that drive liquid-liquid phase separation.
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MEthodS
No statistical methods were used to predetermine sample size. The experiments were not randomized and investigators were not blinded to allocation during experiments and outcome assessment. Plant materials and growth conditions. The parental C2 line 18 and floweringtime mutants fca-1 11 , fpa-7 31 and fy-2 32 have previously been described. fca-9 was provided by C.-H. Yang (National Chung Hsing University, Taiwan). fll2-2 (GK-084H05) was obtained from the European Arabidopsis Stock Centre.
The seeds were surface-sterilized and sown on standard half-strength Murashige and Skoog (MS) medium (0.22% MS, 1% sucrose, 0.5% Phytagel, Sigma, P8169) plates and kept at 4 °C in the dark for 2 days before being transferred to longphotoperiod conditions (16 h light of 120 μmol m −2 s −1 /8 h dark). All RNA and protein experiments were done using 12-day-old seedlings unless specified. DNA constructs and generation of transgenic plants. To generate the pFCA:: FCA-eGFP transgenic line, FCA genomic DNA including its promoter and 3′ untranslated region (UTR) was amplified and inserted into the pCambia1300 vector. The FCA ApaI fragment (FCA genomic DNA contains two ApaI sites) was swapped by FCA ApaI fragment fused with GFP, which was inserted before the stop codon using the HindIII restriction site. The resulting construct was transformed into the fca-1 mutant.
For complementation of the sof78 mutant, a 3.9-kb genomic fragment containing AT1G67170 was cloned into the pCambia1300 vector and transformed into the sof78 mutant. To generate pFLL2::FLL2-eYFP and pFLL2::FLL2-HA transgenic lines, pFLL2::FLL2 with linker or haemagglutinin tag and 3′ UTR of FLL2 were separately amplified from genomic DNA. The polymerase chain reaction (PCR) products were digested and sequentially cloned into a pENTR vector. eYFP sequence was then inserted between the above two fragments. The resulting pENTR-FLL2 vectors were subsequently recombined into the binary destination vector pSLJ755I6 33 . These two constructs were transformed into the sof78 mutant. All the constructs described above were electroporated into Agrobacterium tumefaciens GV3101 for transformation of Arabidopsis by the floral-dip method.
The constructs for colocalization experiments were cloned by inserting coding sequences of FCA, FLL1, wild-type FLL2, FLL3, FY, CPSF30 and CPSF100 into the pCambia1300-35S-N1-YFP or pCambia1300-35S-N1-CFP vectors. The constructs for in vitro protein expression were cloned by inserting coding sequences of FCA, FLL2, FCA-PrLD and FCA-RRMs into a modified pET11 expression vector (Novagen): a solubility tag, MBP, was followed by a TEV cleavage site and a GFP at the N terminus, and a non-cleavable 6×His tag at the C terminus. FCA-PrLD was also cloned into a similarly modified expression vector without the GFP tag.
Primers used for vector construction are listed in Supplementary Table 5 . Mutagenesis screening and cloning of FLL2. Chemical mutagenesis of the parental line C2 and screening of sof78 mutants were carried out as previously described 18 . To map C2/sof78, the mutant was crossed to a Columbia line that contained the same transgenes, and the resulting F 2 plants were screened for FLC-LUC bioluminescence. Three hundred and ten plants with high FLC-LUC bioluminescence activity were pooled and the DNA was extracted and prepared for Illumina sequencing as previously described 34 using 2 × 150-bp paired-end reads to a depth of 20× coverage. Applying a previously described method 35 , we identified a single genomic region enriched for Ler alleles that did not correspond to the three transgenes, and identified candidate sof78 causal mutations as polymorphisms that were not derived from Ler. The identified mutations were confirmed by Sanger sequencing. FLC-LUC detection. Seedlings around 12 days after germination on MS medium plates were sprayed with 1 mM of luciferin (Promega) substrate solution and incubated in the dark at room temperature for 20 min. LUC bioluminescence activity of the seedlings was assayed as described 9 . Flowering time analysis. Plants were grown in growth rooms with a photoperiod of 16 h light and 8 h dark. Temperature ranged between 23-25 °C during the day and 20-22 °C at night. The total leaf number produced by the main apical meristem before switching the developmental program to the initiation of flowering was counted to measure variation in flowering time. Protein expression and purification. All proteins were expressed in Escherichia coli BL21 (DE3) cells (Tiangen) in the presence of 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG). Cells were induced overnight at 18 °C, collected and resuspended in lysis buffer (20 mM HEPES pH 7.4, 500 mM KCl, 1 mM PMSF). The cells were then lysed using a high-pressure homogenizer (ATS Engineering) and centrifuged. The supernatants were first purified with Ni-NTA and amylose resin (GenScript), followed by purification on a Superdex 200 increase 10/300 column (SD200) (GE healthcare). Proteins were stored in storage buffer (20 mM HEPES pH 7.4, 150 mM KCl, 1 mM DTT) at −80 °C after being flash-frozen in liquid nitrogen. Protein labelling. MBP-FCA-PrLD-6×His protein solution was exchanged with reaction buffer (0.1 M sodium bicarbonate buffer pH 8.3) using a SD200 column. Alexa Fluor 568 carboxylic acid (Succinimidyl Ester) (Thermo Fisher, A20003) was added to MBP-FCA-PrLD-6×His proteins at a 1:1 molar ratio and incubated for 1 h at room temperature with continuous stirring. Free dye was removed using an SD200 column. The labelled proteins were stored in storage buffer at −80 °C. In vitro phase separation assay. In vitro phase separation assay was performed in storage buffer. N-terminal MBP tags of MBP-GFP-FCA, MBP-GFP-FCA-PrLD, MBP-GFP-FCA-RRMs, MBP-GFP-FLL2 and MBP-FCA-PrLD were cleaved during droplet assembly with TEV protease overnight. Further droplet assembly for MBP-GFP-FCA, MBP-GFP-FCA-RRMs and MBP-GFP-FLL2 was mixed with 10% (w/v) final concentration of PEG8000 (Sigma). Phase separation of GFP-FCA in the presence of RNA was tested by adding Arabidopsis total RNA to 3.13 μM GFP-FCA to the final concentration of 1.3-0.09 μg/ml.
Droplets were assembled in 384 low-binding multi-well 0.17-mm microscopy plates (384-well microscopy plates) (In Vitro Scientific), sealed with optically clear adhesive film to prevent evaporation and observed under a Nikon A1 microscope equipped with 60× and 100× oil immersion objectives. Co-phase separation between FCA-PrLD and FLL2 was done by mixing Alexa-Fluor-568-labelled FCA-PrLD with MBP-GFP-FLL2 to final concentrations of 0.5 μM. Microscopy. Plants were grown vertically on MS plates with 1% (w/v) sucrose and 0.5% (w/v) phytagel (Sigma-Aldrich, P8169). Analyses of subcellular localization were performed on a Zeiss LSM780 confocal microscope using a 40×/1.2 water objective and the GaAsP spectral detector of the LSM780. GFP was excited at 488 nm and detected at 491-535 nm, and YFP was excited at 514 nm and detected at 517-557 nm. All images are z-stack maximum projections using a step size of 0.45 μm, spanning the entire width of the nucleus.
Analyses of colocalization were also performed on a Zeiss LSM780 confocal microscope. YFP was excited at 514 nm and detected at 517-557 nm, CFP was excited at 458 nm and detected at 464-517 nm. YFP and CFP were acquired sequentially to avoid emission crosstalk. For microscopy of Arabidopsis cultured cells, cells were incubated with Vybrant DyeCycle Ruby Stain (Thermo Scientific, V10309) to stain the nuclei. Ruby was excited at 633 nm and detected at 638-686 nm.
For time-lapse microscopy of FCA nuclear bodies, a chamber was created on slides using SecureSeal adhesive sheets (Grace Bio-Labs, 620001) and filled with MS medium. Seven-day-old seedlings were transferred into the chamber and observed under an Andor Revolution XD Spinning disc confocal microscope using a 60× water immersion objective. Images were acquired every 15 s for 15 min. At each time point, maximum projections from z-stack of 14 steps with step size of 0.6 μm were applied. Image analysis was performed with FIJI/ImageJ. FRAP. For the in vivo experiments, FRAP of FCA-eGFP bodies in Arabidopsis was performed as described 36 on an Andor Revolution XD spinning disc confocal microscope system with a Nikon ECLIPSE Ti microscope stand, Yokogawa CSU-X spinning disc and iXon 3 EMCCD camera. Using a 60× water immersion objective, a region of an FCA nuclear body was bleached using a laser intensity of 50% at 488 nm. Recovery was recorded for every second for a total of 50 s after bleaching. FRAP of FCA-YFP bodies formed in tobacco was performed on a Zeiss LSM880 Airy scan confocal microscope, using a 40×/1.1 water immersion objective lens. Bleaching was done using a 514-nm laser pulse (5 iterations, 50% intensity). To improve spatial resolution, the Airy scan detector was used in scan repetition mode and images were processed using Zen Black airy scan processing 2D method. Recovery was recorded every 233 ms. Analysis of the recovery curves was carried out with FIJI/ImageJ.
For the in vitro experiments, FRAP was carried out with samples in 384-well microscopy plates using a Nikon A1 microscope equipped with 60× and 100× oil immersion objectives, as above. Droplets were bleached with a 488-nm laser pulse (3 repeats, 70% intensity, dwell time 1 s). The recovery from photobleaching was recorded for the indicated time. Yeast two-hybrid assay. Pairs of plasmids were co-transformed into the yeast strain AH109 following the manufacturer's handbook (Clontech). The co-transformed yeast clones were first grown on SD medium without Leu and Trp, and subsequently plated on SD medium without Ade, His, Leu and Trp. RNA immunoprecipitation. About 2.0 g, 12-day-old wet seedlings were crosslinked in 1% formaldehyde. Crosslinked plants were ground into fine powder and lysed in 8 ml lysis buffer (20 mM Tris HCl pH 7.5, 20 mM KCl, 2 mM EDTA pH 8.0, 2.5 mM MgCl 2 , 25% glycerol, 250 mM sucrose). The lysate was filtered through two layers of Miracloth (Merck, D00172956) and pelleted by centrifugation. The pellets were washed three times with 20 ml NRBT buffer (20 mM Tris HCl pH7.5, 2.5 mM MgCl 2 , 25% glycerol, 0.2% Triton X-100), resuspended in 600 μl RIPA buffer (1× PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 20 U/ml RNaseOUT) and sonicated. Nuclear extract was incubated with FCA antibody and protein A magnetic beads (Pierce) for 2 h and washed sequentially with low-salt, high-salt and TE buffers. The immunoprecipitates were then resuspended in 200 μl RNA Elution buffer (100 mM NaCl, 50 mM Tris HCl pH 7.0, 1 mM EDTA, 1% SDS) and boiled at 95 °C for 15 min. Ten microlitres proteinase K, 1 μl RNaseOUT and 2 μl 0.1 M DTT were added to each reaction and incubated at 65 °C for 60 min. The reaction was then stopped with 1 ml Trizol reagent (Ambion). RNA was then isolated and analysed. RNA analysis. Total RNA or FCA-bound RNA was extracted, treated with TURBO DNase (Ambion) to remove DNA contamination and reverse-transcribed by SuperScript IV Reverse Transcriptase (Invitrogen) using gene-specific reverse primers. Quantitative PCR (qPCR) analysis was performed on a LightCycler480 II (ROCHE) and qPCR data were normalized to UBC. Semi-qPCR was performed with GoTaq G2 DNA polymerase (Promega) and PCR products were analysed by agarose gel electrophoresis.
For measuring the proximal:distal ratio of COOLAIR, the levels of proximal and distal COOLAIR were first normalized to total COOLAIR. The value of proximal COOLAIR was then divided by that of distal COOLAIR. All primers are described in Supplementary Table 5 . Western blot analysis. Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to PVDF membranes. Antibodies against FCA 37 , haemagglutinin (Sigma, H3663) and GFP (Roche, 11814460001) were used as primary antibodies. After the primary antibody incubation, horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) were used for protein detection by chemiluminescence (Thermo Scientific, 34095). CLNIP-MS. Twelve-day-old seedlings were crosslinked in 1% formaldehyde. Vacuum was applied gently and released slowly to avoid disruption of subcellular structures. Crosslinked plants were ground into fine powder and lysed in lysis buffer (20 mM Tris HCl pH 7.5, 20 mM KCl, 2 mM EDTA pH 8.0, 2.5 mM MgCl 2 , 25% glycerol, 250 mM sucrose). The lysate was filtered through two layers of Miracloth (Merck, D00172956) and pelleted by centrifugation. The pellets were washed three times with NRBT buffer (20 mM TrisHCl pH 7.5, 2.5 mM MgCl 2 , 25% glycerol, 0.2% Triton X-100), resuspended in RIPA buffer (1× PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and sonicated. Nuclear extract was incubated with FCA antibody, anti-HA magnetic beads (Thermo Scientific, 88836) or anti-Flag M2 magnetic beads (Sigma, M8823) and washed sequentially with low-salt, high-salt and TE buffers. The immunoprecipitates were boiled at 95 °C for 15 min to reverse crosslinking. The protein samples were gel-purified and subjected to mass spectrometry analysis by nano-liquid chromatography with tandem mass spectrometry on an Orbitrap Fusion Tribrid mass spectrometer coupled to an UltiMate 3000 RSLCnano LC system (Thermo Scientific). Data were searched using Mascot server (Matrix Science), and analysed using MaxQuant software 38 .
Transient transformation of Arabidopsis thaliana cell-suspension cultures. The
Arabidopsis Col-0 cells were subcultured in MS medium with B5 vitamins (1× MS basal salt mix, 1× Gamborg's B5 vitamins, 3% sucrose, 0.59 g/l MES buffer pH 5.7, 1 mg/l 2,4-dichlorophenoxyacetic acid) weekly and maintained at 100-110 r.p.m. at 24 °C in the dark. Agrobacterium was inoculated into 10 ml LB medium and incubated overnight. Cells were collected, resuspended in the same volume of sterile M buffer (10 mM MgCl 2 , 10 mM MES pH 5.6, 50 μg/ml acetosyringone) and incubated at room temperature (20-22 °C) for 2-4 h. Cells were collected, resuspended in 4 ml sterile M buffer. Two hundred microlitres of this culture was added to 50 ml freshly subcultured Arabidopsis cells and incubated for 48 h before microscopy analysis. Agro-infiltration of tobacco leaves. Agro-infiltration experiments were performed essentially as described 39 , except that Nicotiana benthamiana plants were used. Genotyping. To genotype C2 plants, FRI was genotyped by mixing two pairs of primers (FRI-JU223_F6+R6 and FRI-del_F1+R1) together. The 35S::FCA transgene was genotyped with primers 35S::FCA_F6+R6. The FLC-LUC transgene was genotyped with primers LUC3_F+R.
To genotype the sof78 and fca-1 mutations, genomic DNA was amplified with primers sof78-dCAPs_F+R and fca-1-dCAPS_F+R, respectively. PCR products were digested with MseI, followed by 3% agarose gel electrophoresis.
fll2-2 was genotyped with the transfer DNA left-border-specific primer GABI_F and At1g67170_R3 to detect the presence of the insertion. PCR using At1g67170_F3+R3 was performed to test whether the transfer DNA insertion was homozygous. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article. The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Sample size
No statistical approach was used to predetermine sample size. The determined sample size was adequate as the differences between experimental groups was significant and reproducible.
Data exclusions No data was excluded from analysis.
Replication
All data except for the immunoblots are representative of at least three independent biological replicates. The immunoblot data are representative of two independent biological replicates. Similar results were obtained from independent biological replicates.
Randomization Randomization of samples were performed. Seedlings from different plates were collected. Multiple plants were scored for flowering time.
Blinding
Blinding was not possible as the author who performed the experiment also analyzed the data.
Reporting for specific materials, systems and methods Validation FCA (homemade) -Arabidopsis total extract from fca mutant did not produce any signal (Extended Data Fig. 1e ), HA (Sigma H3663, Clone HA-7) -validation stated by the manufacturer "a working concentration of 0.25-1 μg/ml is determined using cell extracts expressing N-terminal HA fusion proteins", GFP (Roche 11814460001, a mixture of clones 7.1 and 13.1) -validation stated by the manufacturer "Anti-GFP can be used to
